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Abstract Numerical simulations d&e been carried out to understand the seedingeaiclassical tearing
modes(NTMs), using asingle fluid modeland the four-field equations The paper starts with considering a
simplified physicsituation:the destabilization of a linearly dike m/n=3/2modeby an unstablan/n=2/2 mode
(m/n beingthe poloidaltoroidal mode numbeér Within single fluid modethe mode coupling ifound to be
weakerd by relative modeotation and enhancedy finite plasma Evalue For thefour-field equationsn case
of a sufficientlylow electron diamagnetic drift frequency, tresults aresimilar to those from the single fluid
equatiors. For a sufficiently large diamagnetic drift frequency, three regeme$ound (a) Suppression regime
for moderate plasmaEvalues, i which the originally unstable 2/2 mode is stabilized by its coupling to the
originally stable 3/2 mode; (b) Oscillation regirfa a sufficiently large £valug in which he 3/2 mode hahe
feature of an ideal modand the diamagnetic drift frequency reaches the shear Alfven frequency outside the
tearing layer (c) NTM regimefor sufficiently large Avalueand bootstrap current densitonsistent with these
findings in our simulations 3/2 modeare triggered bysufficiently strong sawtoothcrastes at high Evalue
and/or a low electron diamagnetic drift frequendy sufficiently large bootstrap curredensityis thenrequired

for the 3/2islandto grow into the NTM regime.



1. Introduction

It is well known that toroidal geometry resuitscoupling of modes with different poloidal mode
numbersm, in particular to modes with mode numbé&ms+1) and (m-1) at same toroidal mode
numbersn. Experimenal resultshave shown the importance of suetode coupling. For example,
sawtoothcrashesantrigger neoclassical tearing modes (NTMs) for sufficiently high plagmalues
in tokamakexperiments, which usually degragéasma confinemerdr even leado plasma disruption
[1-11]. The largem/n=1/1 modeduring the sawtooth crashes can possibly triggemthe=2/1 mode
via toroidal mode coupling. However, in most expemts thenonlinear harmoniof the 1/1imode the
2/2 componentjs found todrive the 3/2 NTM more frequently I-9]. Due to the importance of NTMs
for tokamak power plantshé wnderstanding of the physics involved in the triggering of NTMa is
very important issue. Duringnajor disruptionsin tokamak plasmasnagnetic islands of different
helicitiesor even stochastic field can be generatedhwiale couplingusuallyin addition to a larg@/1
mode allowing the plasma energy to be released in a shmoet sicalg12-13]. Due to toroidal mode
coupling, edge localized mod@sLMs) might also drive islands of different helicities and cause local
stochastic field in theedgeregion of Hmode plasmasesulting in a release 0f10% of the total
plasma energwithin a short time scale tm9 [e.g. 14].

Since 190s,extensivetheoretical efforts have been devoted to underdtamdtability propertiem
toroidalgeometry including both analytical and numerical stdj£5-34]. Without differential plasma
rotation,a mode with on& numbermight have several large components, in particular in strongly
shaped plasmd$82]. Thus an unstable tearingnode e.g., the m/n=2/mode,will alsolead toother
islands such as the 3/1 and 4/1 islanith toroidal geomeir. Differential plasma rotation, however, can
weaken the mode couplings shown imnalytical theory16-18].

Analytical theories revedhat without mode coupling, thetability of a single magnetic island

I

determined bythe tearing mode stability irek ‘s bootstrap current densjtyGlasser effectthe



diamagnetic driftand the associated ion polarization currg86-40]. Among them, theliamagnetic
drift is quiteimportant for the stability of a small islaridnear tearing modeare predicted to be stable
in high temperature plasmdsie to electron diamagnetic dréven for a positive’ ¢[41], asalsoseen
from two-fluid numericalstudies in cylinder geometr{42,43]

As one of the majoiriggers for theNTM onsetand generallyas a typical phenomen in tokamak
experiments sawteeth have attractedmuch research interesdimulations in toroidal geometry have
demonstrated thatiamagnetic stabilization is essential to explain the qoexsodic sawtooth ayes
[44-46]. The very fast dynamics of anglle sawtooth crash has been explained byeffext of the
parallel electron pressure gradient in Ohm’s.|&ast sawtooth crasls and associatedgtrong parallel
electrical field have been derivefitom two-fluid simulations for high temperature plasmakgV) in
cylinder geometry47,48]. Detailed investigations of the reconnection region during a sawtooth crash
also indicate of the importance of tflaid physicsin toroidalgeometrysimulatiors [49].

The triggeling of NTMs by sawteeth have beaimulatal before based on single fluid equations
[50,51] taking into accounthe time evolution of sandbootstrapcurrentperturbationput neglecting
the differential plasma rotatiom the nonlinearcalculations[50]. In Ref. [51] the ion polarization
currentwas included butassumed to be proportional to the bootstrap current perturbation argklgve
proportional to the magnetic island widthhile two-fluid physicsas well as thalifferential plasma
rotationwereneglectedIn these simulatiora destabilization of the m/r8#2 modeby the internal kink
mode has beerfound [50,51] Linear studiesin toroidal geometryhave reveakd the importance of
toroidal modecouplingas well aghe diamagnetiarift for mode growth [52]The sawtoothcrashis
found to lead tormincrease inthe ’svalueof the driven mod¢g53].

For the cas¢hatthe magnetic shear is sufficiently small over a lamggon in the core, numerical
studies have shown fast growing infernal mockagplkedto poloidal tearing sidebandriving magnetic

islands on neighboring rational surfa¢g4,55] In these simulationthe bootstrap current drive as well



as the stabilizing Glasser effect are considerad; #hielding effects due tdifferential diamagnetic
drift or plasma rotation have however been negleddbp]

Due to the comiex nonlinearity and mode coupling in toroidal geometry, numedakdulationsof
nonlinearMHD instabilities are extremely challengiagd have to be limitetb certain physics issues
The input parameterfor calculations such as the Lundquist number (the ratio betwbenresistive
time andthe Alfven time), are usuallyell below experimental ose

In this paper, the toroidal mode coupliagd the triggering of NTM by sawteeth arstudied
numerically based on the fotfield equations 26]. The large aspect ratio expansiors baenapplied
for obtaining thee equations and higher order terms, such as the magnetic field curvature are not
accurately describefR6]. Therefore, the approximations associated with the-field model are
paticularly severe for the linean/n=1/1 mode which is always unstable in our modethie q value
dropswell below 1for arelativelylow diamagnetic drift frequencyVhen the 1/1 mode amplitude is
sufficiently large such that the plasma pressure is flattened across the 1/1 island, the curvature effect is
however expected to be less important. The main focus of this paper is not on the stability of the 1/1
mode itself, but rather on its effect nrighboring resonant surface®en its amplitude is sufficrly
large.For such studies it is important thhese equations include toroidal mode coupling, diamagnetic
drift and theassociated ion polarization current, bootstrap currentddfedential plasma rotation, the
key physics elements for the NTM onastexpected from analytical theories3f40].

As the equationsf this modelarerelatively simplecomparedo the full MHD equations, numerical
calculationsare less timeconsumingand thusallow the use of realistic experimental parameteas
input Our alculationsare limited tathe triggering of m/n=3/2nodes by 2/2erturbations. The effext
of the plasma Evalue bootstrap current density, electron diamagnetic daifj differential plasma
rotationon mode coupling are studiddwill be shown that the twéluid physics such as diamagnetic
drift, neglected in previous nonlinestudies [50,5]., is important for toroidainode coupling and the

triggering of NTM by sawteeth.



In section 2 the equations utilized for our numerical modelling areidedcihe numerical results
for the coupling between the 2&hd 3/2 modes obtained from both theingle fluid and four-field
equations,are presented in Section 3. Thesults on the triggering of th&2 NTMs by sawtooth

crastesare presented in Sectidn Finally, the discussions and summary are given in the last section.

2. Theoretical model

A circular cross section of the equilibrium magnetic surfaces is assumed. The magnetic field is
defined ag26]

B= Ry [(Bottby) "/+ "lu’]], 1)

whereBy; is the vacuum toroidal fieldt the magnetic axi$; is due to the diamagnetic correction, R
the major radius of the magnetic axigthe toroidal angleand | the flux function. Thefour-field
equations, the electron continuity equation, generalized Ohm's law and the equation of motion in the
perpendicular (after taking/ ~’and the parallel directigrre utilized £6]. Normalizing the length
to the plasmaninor radius a, the timeto the resistive timel##a® g A{ Kis the plasma resistivity), the
magretic field to By, the ion velocityv to a/ W/and the electron density to its value at the magnetic

axis, these equations becordé,66,57]
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Differing from Ref. R6], the cold ion assumption is madeEgs. 2)-(5), while the bootstrap current
densityjp, electron inertia and viscosity (th& 35" terms in Eq. §)) are talen into account in Ohm's
law. The ion velocity v=v|+v 4 the subscripts|| and Adenote the parallel and perpendicular
componentsd/dt= wi+v 4 7, | is thetoroidal plasma current density5-c, —/ie/ m)/B, the bootstrap
current density, gca constant of order of unityst/ Ry the inverse agxt ratio, pPe=necle, Te the
electron temperature,,Bhe poloidal magnetic field. U£R/R)? ’ 7 /is the plasma vorticity,/ the
stream functionR the major radiusz the coordinate along the vertical directio®( &) the ion
(electron) viscosity, an® the particle diffusivity. Sand S, are the particle and momentum sources,
which are choseto maintain specified equilibriurprofiles for density and rotatioagainst particle
diffusion and viscous draggy is the equilibrium electric field, SWK/ di= Zd @ - &y,
Co[Tdm] (@l W, E £=8 8cTdBo’, Ze the electron cyclotron frequencyX the electrorion
collisional frequency,k£a/V,a, and the Alfven velocity Vis defined using the toroidal field

Straight field line coordina(r, 7 ) Areusedwith the Jacobiang=rR*R,, wherer is the minor
radius of the equilibrium magnetic surface, addsthe “polodatlike” angle[31]. In this coordinate
system the operator B takes a simple form. The numerical code TM1 has been upgradedudeincl
the toroidal coupling among modes with the sanitndifferent mnumbers in additionto nonlinear
two-fluid effects The benchmark between TM1 and CASRED [32] indicates that theesults from
these two codes agree for nxibdesf the Evalue is notoo high.

The following equilibriumplasma parameterare usedfor the reference cas®,=2T, a=0.5m
a/R=0.2, Te=2keV, and n=3x10"m?, leading to $=2.6%20°, d,=3.1x10", C=2.0x10"a/ W/ K¥23s,
and @=2.2x10%s. Furthermore, B X=10"a% R0.2nf/s=194&/ K/D = #50, and a monotonic profile
for the safety factor @areassumeavith go=0.91 andrq-1= 0.3a,whereq, is the original equilibrium
safety factor at r=0and g-1 the minor radius ahe g=1 surface The g=3/2surface is ats, =0.68a.

The equilibrium electron density has a radial profile of the forgs{0.8[1-(r/a)?] +0.2}(3x10"m?).



The electron temperature is assumed to be a constant in space and time. These input parameters ar
used for our numerical calculations if not mentioned elsewh®thout toroidal mode coupling, the
m/n=2/2 mode is unstable in the linear phase, while the 3/2 mode is stable.

In tokamak experiments the plasma rotation is essentially toroidal, whitgd. 2)-(5) due to the
large aspect ratio approximation only tpeloidal rotation is included, so that an enhanpkgma

viscosity for the m/n=0/0 component P =19x 10° (a¥ Wy, is used in calculationsThis value

guarantees a reasonable balance between the electromagnetic and viscobadedcerthe following
considerations 1[7]: (a) The electromagnetic force in the toroidal direction is smaller by ar fact
(n/m)(r/R) thanthat in the poloidal direction, whergis the minor radius of the resonant surfgbg.

To have the same mode frequency due to the plasma rotation, the toroidal rotation velocity should be
(m/n)(R/g) times larger than the poloidal one. These two effects lead to a larger viscous force compared
to the electromagnetic force for the toroidal rotation case by a factor [(m4j{Rarhich is of the

orderof 10°.

3. QGoupling between the m/n=2/2 and 3/2 mode

In order to understand the triggering of tmén=3/2 modeby a sawtoothcrash it is beneficialto
first look into the dstahlization of a 3/2 mode bya 2/2 tearing mode without induding the n=1
perturbationssince thel/1 modeis an internal kink mode which wou@itow much more quicklyhan
them>1tearing modesand there is no steady 2iarmonicduringand aftersawtoothcrastes[47]. In
this section the calculatismrethuscarried out byonly includingthe modeswith the helicity m/n=2/2

and 3/2 as well as é¢hcomponentdue to thaoroidal modecouplingamongn=2 components

3.1 Calculation results from sngle fluid equations



Egs. @) - (4) correspond to the single fluid case witkd;=Cs=Vv;=0 [26-28]. We first study the
destabilization of the 3/thode by the2/2 modein this caseThe bootstrap current density is taken to
be zerohere.The time evolution of the normalized 2/2 and Btand widthis shownin Fig. 1 (eft) for
0, 3,=2.02x10" W 2,=2.37x10Y W 'Z( B> 215)=3.5x10° W/ where Z,;=2V,Jr is the 2/2
mode frequencyalculated atq;, Vp is an assumed poloida&quilibrium plasma rotation velocity,
2417=3V/r is the 3/2 mode frequency calculated ., and 'Zis the relativefrequency betweethe
3/2 and2/2 modes, being smaller tharhe linear 2/2node growth rate (20% K. The ‘dsland width
Wini=4[ 1wl (Bp 0 A)] Y2is calculated atmm, wherermnand [, arethe minor radius of theesonant
surfaceandthe perturbed flux of the mkomponentlt is seen that the 2/&ode grows first, and the
3/2 mode grows later driven by itsupling to the 2/2 moddt should be notethat W, represents the
island width when the magnetic shear is not too smalltla@dconstant | ,,,’ approximation is valid.

Otherwise it onlygives the change dfie value of (i gy atrmm

Figure 1 Time evolution of\,/a and W»/a (left), mode frequencies (middle) and radial profigghe
poloidal plasma rotation velocity at t=0 and in steady stétght) for £0 and 'Z=( Z» 2,)=3.5x10°a/ W/
The 3/2 mode groswdriven by its coupling to the 2/2 mode. The frequencies of these two modes approach the

same value whethe island widths are sufficiently large.

The corresponding time evolution of the normalized 2/2 andr®@e frequence calculated from
the imaginarypart of (W Y/ | are shown in Fig. 1 (middleJhe frequencies of these two modes

approach the same value when the island widths are sufficiently large, indicating that the two modes



are locked togetherThe correspnding radial profile of the normalized poloidal plasma rotation
velocity in steady state is shown in figure 1 (righy)the solid curve. The poloidal rotation speed is
increased atyt; but decreased aycompared to the original equilibrium velocity shown by the dashed
curve, such that these two modes can have the same frequencies. The island rotates together with the
local plasma once its width is sufficiently large.

Fig. 2 (left) shows the time evolution of the corresponding island widths fora t#den ncreasd
relativeequilibriumrotation frequency (Z=3.5x 10" Hybetween the m/n3/2 andthe 2/2 modes This
has been achieved loging a strongr momentum source equation 4), while keeping thether input
parameters unchangelt is seen tht againthe 2/2 mode grows first, and the 3faode growth is
delayed compared to the case of a smaller relative mode frequency shown in feftireThige are

small oscillations in the mode amplituhethe nonlinear saturation phase

Figure 2 Time evolution of W/aand W,/a (left), mode frequencies (middle) analdral profiles ofthe
normalized flux functionsls, (right) at t=0.0024 K{black) and0.0061 i(red) for £0 and 'Z=3.5x10" K/
The solid (dashed) curves are for the real (imaginary) pame frequencies of these two modes are different
once the island widths are sufficiently large. The oscillationthe mode amplitudand frequencies correlate
with the change of the relative phase between these two modek;;firefiles first have the feature of afeal
mode across the q=3/2 surface rkad by the vertical dotted lirend therthe feature o tearing modeat later

time



The corresponding mode frequencies are shown in figure 2 (middle). The two modes have the same
frequencies around t=0.0044vhen the 3/4sland widthis still small. During this phase the 3f&de
frequency follows that of th2/2 mode, since the latter is driving the 3/2 mode, and a plasma can slip
through a sufficiently small island. Once the Bl2nd is sufficiently large, its frequency is determined
by the local plasma rotation frequency &, 1since in this case thdasd rotates together with the local
plasma. The radial profile of the plasma rotation velocity is essentially not changed due to the stronger
momentum source. Thus, the 3tde frequency differs from that of the 2f@de.The relative
frequency betweerhése two modes is not too large, being comparable to the linear 2/2 mode growth
rate, so that the 3#&ode is still driven to grow by its coupling to the &i@de. The oscillations in the
mode amplitude and frequencies correlate with the change of the relative phase between these two
modes.

Correspondingadial profiles of the m/n=3/2 component of the normalized (i) dlBx functions

I3/2, are shown in figure 2 (right) at two different times, t=0.00@&lack) and 0.006 ¥ red),where

the solid (dashed) curves represtmd real (imaginary) parts. Thky, profiles first have the feature of
an ideal mode t=0.0024//since |3, is abait zero atrz;, (marked by the vertical dotted ljpeand the

3/2 perturbations outside the 8 surface are shielde@his effect issimilar to theshielding observed

in RMP (resonant magnetic perturbatigrmgnetration calculations whehe plasma rotation frequency

is sufficiently largg56]. Laterin timethe I35, profiles have the feature of a tearing mode when the 3/2

island has grow.



Figure 3 Time evolution of \Wy/a(dashedcurves) and Wya (solid) with *.Z= 3.5x10°/ Kfor £=0 (black

curves)and £=0.003 (red) The 3/2 mode is driven to grow by its coupling to the 2/2 mode for a fnite

Further increasing the relative equilibrium mode rotation frequency by ten timeZ&=@5x 107/ W/
the time evolution of\,,/a(dasked curves) and\;/a (solid) is shownin Fig. 3. It is seen thdbr £=0
(black curves) the 3/2 island width is close to zero, indicating the shielding of mode coupling by a
large differential rotationThe 2/2 mode amplitude is also smaller compared tséshown in figures
1 and 2. With £=0.003 (red curves)the 3/2 island widthis driven to grow by its coupling to the 2/2
mode, indicating that &nite & enhances mode coupling, ssenfrom Eqg. @). The oscillation in the
2/2island width (red curve) is again caused by the change in the relative phase between the two modes
which is larger when the 3/Bland becomes larger, since the interaction between the two modes is
stronger for larger mode amplitude. The radial profile of pkesma rotation velocity is agaimot
changed. The time evolution of the mode frequencies isasimoilthat shown in figure 2. When the 3/2
island is small, the 3/&hode frequency follows that of the 2ffbde. Once the 3/8land is sufficiently
large, its frequency is determined by the local plasma rotation frequengy la¢ing different from the
2/2 mode frequency.

The above results demonstrate the expected results dorgke fluid model: the toroidal mode
coupling, leading to the destabdizon of the 3/2 mode by the 2/2node is weakerd by a larger

relative rotationfrequency between these two modies is enhanced by a finitelue of & Similar



results have already been obtained in full toroidal geometrywlithout including plasma rotation
[50,51]

To condude, theresultsof this subsection are summarized in figdreshowing the ratiof Ws,,/\Ws/,
in steady state as a functiontbt frequency difference between the 2#2d3/2 mode, 'Z for £=0
(black circles) In this case the destabilization of the Bi@de by the 2/2node is effective onlyor a

sufficiently low value of ' Z The resulfor £=0003 at t=0.00244s also added in the figurandicaing

the destabilizing effect of finite&.

Figure 4 Ws/Wo, in steady versus thieequencydiffererce between the 2/2and 3/2 medéZ for £=0

(black circles). The resutor £=0003 at t=0.002i{s shown by the red square

3.2  Calculation results from four-field equations

In the following,the full fourfield equationsEquations 2)-(5), are utilized If not stated otherwise,
the bootstrap current density fractiogs(t.066 at rq-; andf,=0.2 at rz,are taken. Firstiesuts on the
destabilization of the/2 mode witha sufficientlyhigh £ value will be presented in Section 3.2.1,
followed by he results for a lomndmoderate£valuesin Section 3.2.2. fie effect of plasma rotation
will be shownin Section 3.2.3. The effect of perpendicular particle diffusivityivenin Section 3.2.4,

followed by te effect of the electron pressure profile in Section 3.2.5.

3.2.1 Destabilization of the 3/2 mode



The electron diamagnetic drift frequency is proportional tarthet parameter. in equation 8) for
a given electron density profileh& ime evolution oW,,/a (dashed curves) ant;/a (solid) is shown
in Fig. 5 (left) for . 10" (black curves), corresponding t&e »,=0.68x10°/ K/(f+e 2,=0.47kHz),
Zo3=1.2x10° W/(fe3=0.83kH2 and 'Ze=( Zap - Z22)=5.2x10" W/ where Zs»=2Vselr is
calculated atg=1, Vs is the equilibriumelectron diamagnetic drift velocityZe 3= 3V«e/r is calculated
at r3p, and 'Z is the relative frequency between the &Ml 2/2 modes due to theelectron
diamagnetic driftlt is seen that th8/2 mode is driven to grow by its coupling to the Biadealready
for aquitelow Gvalue £=5x10* afterthe2/2 modehas grownThe3/2 mode frequency approaches
that of the 2/2nodeduringmodegrowth. Increasing the value of by two times to . 2x10* andfor
£=0.001 (red curves)the time evolution o\, JaandW;/a is similar. The 2/2 mode grows first, and
the 3/2 mode grows later. However, larger value of . (diamagnetic drift frequency) results in a
slower mode growth, even if th& valueis two times larger. Correspomgjto the black curves in the
left figure, radial profiles of the m/n=0tomponent electron densiat t=0 and 0.005 K/are shownin
Fig. 5 (right). The electron densityflattens around the g=and 1.5 surfacesat t= 0.005 K/due to

sufficiently large magnetic islands formed there

Figure 5 (left) Time evolution of\y/a (dashed curves) and a (solid) for £0.0005/: 10' (black)
and £=0.001/: 2x10" (red). (right) Radial profiles of the normalized m/ntomponent electron densiy

t=0 and 0.005or £=0.0005/. 10". The locations ofqt; and 1, are marked by vertical dotted lines.



Forthe results shown in figure 5, the “constdfitapproximation of the tearing mode is found after
the 3/2 mode grows up due to a smaller value ,adimilar to the red curves shownmfigure 2 (right).
While before the 3/2 mode grows up, thg, profiles are similar to the black curves in figure 2 (right),
and the 3/2 perturbations outside the q=3/2 surface are shielded.

Further increasing the diamagnetic drift frequen¢y value) the mode evolutiorbecomes
significantly different. An example dhe time evolution of\,,/a (dotted curves) ands/a(solid) is
shownin Fig. 6 (left) for - 4x10* and&=0.007.The bootstrap cuent density fractions arg=0.099
at rq-1 andf,=0.3 at rzp. In this casethe 3/2 mode grows first, and its amplitude oscillates in time
aroundt=3x10* K/The 2/2 modegrowthis suppressed at the beginning but grows more quickly later
The ogillationin Ws; is usuallyobserved in calculation®ff sufficiently largevalues of - and £ It
will be termed as the oscillation reginrethe following while the NTM regimevill only refer to the

case in which the islargtows up to aufficiently large width

Figure 6 (left) Time evolution of \Wy/a(dotted curves) and Wa (solid)for £=0.007/. 4x10". (right)
Corresponding adial profiles ofthe normalized real part ofl5, at t=3.13x10* K{black) and 3.84%0* K(red).
The I3, profiles first hare the feature of an ideal mode, since it is close to zerg,aharked by the vertical

dotted line. In a later time the;, profiles have the feature of a tearing mode when the 3/2 island grows up.

Corresponding to figuré (left), the adial profiles of the normalized real part @ix functions Iz

are shown in figure @ight) at two different times, 3.13x10" i(black curve) and 3.84k0* K{red).



The profiles of imaginarypartare similar to thaof the realpart The I3/, profiles first have the feature
of anideal mode sincethe value of I3, is smallat r3, (marked by the vertical dotted lineHowever,
the n=2 perturbations are not shielded by the3ésurface. In a later time thés,, profiles takethe

feature of aearing mode, althodmgthe |3, profile is not smooth across,. The amplituds of I35

outside the g=3/Xurface areof the same order of magnitu@e the two different times buhey

significantly differat r;,. Such a feature was observed in experiments [10].

When the 3/2mode grows up into the NTM regimethe electron densityflattens around the
corresponding resonant surfaee e.g. shown in figure &ight). When the 3/2modeis in the
oscillation regime, however, the radial profiles thfe plasma current density amdiectron densityre
significantly different Corresponding tdigure 6 (left), figure 7 shows the radial profiles of the
m/n=0/0 component plasma current density (left), the safety factor (middle), and tlwerdfibnent
electron densityright) att=0 and 3.13x10* K/ There is a strong perturbation in the local plasma
current density around the gq=3g2irface due tanode couplingandlow plasma resistivity, similar to
that observed in the calculations of plasma response to externally applied b7]. The safety factor
is calculated from q=B/(RB, 00), Where B0 is them/n=0/0component poloidal field. The flattening
of the local gprofile aoundthe q=3/2 surface is due to the change of tbeal plasmacurrent density
resultingin the sparks inWs; aroundt=3x10* Win figure 6 (left) sinceWs,~ 1/d, despite that the
amplitude of Iz, is small atrzpas shown in figure &right). There is a drop in the localectron
density atr3» marked by the vertical dotted line, while the electron density increasestoi itsdes.
The perturbations in the local plasma current density and electron density aroga8/theurface are

usually found in the oscillatioregime.



Figure 7 Corresponding tdigure 6, radial profiles of the m/n=@ component plasma current density

(left), the safety factor (middle), and tmn=0/0 componerglectron densityright) at t=0 and3.13x10* W/

In the oscillation regime& mode with a frequendyeingmuchlarger than the equilibrium electron
diamagnetic driffrequencyis generally observed from the spectrograitmagnetic flux perturbation,
as shown in figure 8eft), corresponding to thease offigure 6. Thisis caused by the interaction of
modes of different frequency as well ag thear Alfven resonance. Corresponding radial profiles of
the shear Alfven frequencyZs=k;Va, and the diamagnetic drift frequency for mrde, Z. 3=
3\ke/r, att=3.1x10* K/are shown in figure &right), where k=(m/r)(1-9/05)Bp,0/0/Bot is the parallel
wave vector of the 3/fhode and calculated from the m/n=@0mponent magnetic field,s ig the q
value at the g=3/Zurface,and Vs is the electron diamagnetic drift velocity calculated usingliffe
component electron densitly.is seen that these two frequencies are close afoungh| ~ 0.0 This
feature is commonly observed in the oscillation regifnocal change in the electron density gradient,
such as that shawin figure 7, results in a largdiamagnetic driffrequency such that it can reacha
outside the linear tearing layer. The linear tearing layer width is smaller than 0.01a. It is known from
the single fluid theory that the shear Alfven resonance can cause significant perturbations in plasma
current density and vorticity if the conditio £5 £ is satisfied outside the tearing layéi8{61],
where  is the plasma rotation frequenfoy a mode.When the local magnetic shear is significantly
decreased in the oscillation reginthe shear Alfven resonance is more easily satisfied, sijpee k

(g'/gs) near the resonant surface.



Figure 8 Corresponding to figuré for £=0.007/.=4x10", (left) the spectrogram of the magnetic flux
perturbation at r=0.917a.There is a mode fluctuating around the frequency%¥ty 4@3 kHz in the osdition
regime. The mode frequency approaches zero after entering the NTM régghigradial profiles of the shear

Alfven frequency and the m=3 diamagnetic drift frequency in oscillation regime at 3:42x10

Calculations have also been carried out by using a sufficiently large (small) valué of While
keeping other input parameters unchanged. In these cases no high frequency mode is obse&sed, and
= Z.3 only at|r- r3p~0, indicating that the high frequency mode is caused by the shear Alfven
resonance.

With aneven larger value of the results are sidar to those shown in figures&for a sufficiently
large value of &. If the bootstrap current density is sufficiently lolwe 8/2 mode saturatesn the
oscillation regime Taking Cs=0, the results are about the same. Increasing the valugiroduation
(2), the 3/2 mode grows into the oscillation regiah@ady at a lower. Ealue.

The results shown aboveindicate that in the framework of théour-field equations the
destabilization of the 3/thode by its coupling tthe 2/2 mode s significantlyaffecied by the value of
. (electon diamagnetic drift frequencyfror a lowervalue of ., the 3/2mode grows into the NTM
regimeevenfor a quite low &. Increasing the value of, the 3/2modeis destabilizedat a larger &

value In this casethe 3/2 mode firstgrows into the oscillation regimeln this regime thels, profiles



have the feature of ddeal modeat the 3/2rational surface, but the ng&rturbations are not shielded
by q=3/2 surface. In a later timéé 3/2 mode enters thRTM regimef the bootstrap current density is
sufficiently large.

Comparing the results obtained from the single fluid equations shown in figuréba3éérom the
four-field equations in figure @eft), it is found that the 3/2 mode is more easily destabilized by the 2/2
mode in the framework of thsingle fluid equations. The value of 'Z3.5x10°/ K/in figure 3 is
larger than that of' Ze (=2.08x10°/ Hyfor - 4x10" in figure 6, while the 3/mnode is destabilized for
thesingle fluid case & lower &value This indicates thahe diamagnetic drift and the associated ion
polarization current arestabilizingfor the island growth, as expected from existing theoriggiI} and
seen from the twdluid calculation resultswithout including mode coupling [42,43].

To concludethis subsection:With increasing electron diamagnetic drigduency, darger &value
is required fordestabilizng the 3/2 mode by its coupling to the 2f8ode For sufficiently largevalues
of . and &, the 3/2 mode first grows into the oscillation regimadhas the feature of an ideal mode,

which enters the NTM regimater if the bootstrap current density is sufficiently large.

3.2.2 Mode suppression alow £

For a sufficiently low & but a high value of ., the growth of the originally unstable 2faode is
found to be suppressed by its coupling to the 3/2 mode. Witk 10, the time evolution of \W/a
(dotted curves) anW;/a(solid) is shownin Fig. 9(left) for £=0.001 (solid curvg. The dashed curve
is for the 2/2mode alon€(i.e., the toroidamodecouplingis not included in the calculatipnThe 2/2
mode gows moreslowly than that without the mode coupljrend the 3/2node saturates at anall

amplitude.



Figure 9 With - 4x10% (left) Time evolution of \Wya (dotted curves) and yWa (solid) for £=0.001
The dashed curve is for the 2/2 mode aloneyiithout mode coupling. (middle)rie evolution of W/a (dotted
curves) and Wk /a (solid) for £=0.005 (blue) and 0.006(red). The dashedurve is for the 2/2 mode alone.
(right) Time evolution of the normalized 2/2 (dotted curves) and 3/2 (solid) mode frequencigsOf601

(black) and 0.005§lue).

In figure 9(middle) the ime evolution ofW,,/a (dotted curves) andli/a (solid) are shown for
higher &values, £=0.005 (blue)and0.006(red), being slightly lower than that for figure(&ft). The
case for the 2/thode alone is also showhléck dashed). The 3/Bland saturates at a small width of
about0.01abut is larger than that of the 2A20de It is interesting to note that the 2f#bde growth is
suppressed by its coupling to the &i@de in this case. In order to understand these results, it is helpful
to consider the effect of externally applied RMPs on NTH§. [There t was found that if the local
electron diamagnetic drift frequency is sufficignarge, the NTM growth can be suppressed by RMPs
of moderate amplitudesf]. A similar physics mechanism seems to also exist in the mode coupling
processstudied here

In Fig. 9 (right) the ime evolution of the normalized 2f2lotted curves) and 3/&solid) mode
frequencies are showor £=0.001 (blue) and 0.005 (red)yhe 3/2 mode frequency approaches that of
the 2/2 mode for £=0.001. For the case with£=0.005 or 0.006,however, the frequency of ti&2

mode approachdbat of the 3/2 mode.



Figure 10 Corresponding to figure @middie), radial profiles ofthe normalized|,,, (black) and I3, (red)
for . 4x10*and £=0.006at t=2.8x10° W The solid (dashed) curves are for the real (imaginary) parte
locations ofg=1 and3/2 surface aremarked by the vertical dotted lineBhe |, profile hasthe feature ofin

ideal modewhile the I3, profile hasthe feature of aearing mode

With - 4x10* and £=0.001, the I, profiles have the feature of a tearing mode, and lthe
profiles have the feature of an ideal mode, so that then®@e follows the 2/2node frequency.
Corresponding to figure 9 (middle) with 4x10* and £=0.006, radial profiles of the normalized,,

(black) and [, (red)at t=2.8x10° Ware shown in figure 1Qyhere the solid (dashed) curves are for
the real (imagpary) parts. In this casée |, profile has the feature of an ideal mode, while 1he
profile has the feature of a tearing mode, explaining why the 2/2 mode follows the 3/2 mode frequency.

The coupling between tearing and twisting modes was analyetae, showing that it can be
important in addition to the coupling between tearing modes [18].

To conclude,the resultsof this subsectionindicate that for a sufficiently large diamagnetic drift
frequency andmoderate £ value, the mode coupling can be stabilizing for an originally unstable

tearing mode, and this mode becomes a twidtkag(ideal) mode.

3.2.3 Effect of plasma rotation
With £=0.001 and . 2x10, the effect of plasma rotation on mode coupling is studtiethe

following. The ime evdution of Wso/a (dashed curves) aMik;»/a (solid) is shownin Figure 11 (left)



for different equilibriumplasma rotation frequenciesorresponding t@ 2/2 mode frequency£¢=0
(black), 1.6x10°/ ¥Agreen),3.2x10°/ KAblue), and 3.2x10°/ KAred) due toplasma rotation (electric
drift). The equilibrium plasma rotation is driven by the momentum source in equd}igh gositive
(negative) valueof Z, refers to the rotation in the electron (ion) drift direction. The equilibrium
plasma rotation frequen@t ra;2is zero. he 2/2 island growth is similafor all thesecaseswhile the
3/2 modegrowsonly for a small relative rotation frequency between the two rational surfages0
and 1.6x10°/ K. For the caseZ=1.6x10°/ [/the 3/2island grows fastethan that for Z,=0. The
mode frequency results from a combinatiortted plasma rotation and electron diamagnetic drdt. F
the green curve the relative frequency due to plasma rotatisig=( Zz2- Zo.29=-1.6x10° K/is
close tothat due to diamgnetic drift, ‘' Z=1.04x10°/ [/ but with oppositesign. Thus, the relative

electron fluid velocity and the relative mofilequency are the lowest for this case

Figure 11 (left) Time evolution of\,/a (dashed curves) and jia (solid) with £=0.001/. 2x10" for
different ExB rotation frequencief the 2/2 mode Z=0 (black), 1.6X10° (green) 3.2x10° (blue), and -
3.2x10°/ ifred). The positive (negative) valuefersto the rotation in the electron (ion) drift directiorright)
correspnding tme evolution of the 2/2 (dasth curves) and 3/2 (solid) mode frequendies Z=1.6x10°

(green) 3.2x10° (blue) and 3.2x10°7 K{red).



The time evolution of mode frequencies are shown in figur&ight) for Z.=1.6x10°/ KAgreen),
3.2x10°/ KAblue) and-3.2x10° K{red).In all cases,He 3/2 mode frequency approaches that of the 2/2
mode.

To conclude, the results tis subsectionindicate thathe mode coupling is stronger for a lower

relative mode frequenajetermined byhe localelecton fluid velocityand mode numbers

3.2.4 Effect of perpendicular particle diffusivity

The perpendicular transport is known to affdoé NTM growth Increasing the perpendicular
particle diffusivity by 10 times to ¥3.76&/ Kand using. 4x10", f,=0.099 at ro=; andf,=0.3 atrap,
the time evolution of\,J/a (red curve) andVs/a (black is shownfor £=0.008in Fig. 12.The 3/2
modefirst grows into the oscillation regimeand thenNTM regime after t=0.0005/ similar to the
results obtained with a stter value of Dy Compared to figure @ is found that for a larger value of
D 4 a higher £ valueis required for the 3/2 mode to grawp. In the oscillation regime the local
perturbations in the electron density and plasma current density are aseedbsimilar to that shown
in figure 7with a smaller value oD sexcept for a larger radial width of the perturbatilure to a larger
value of D4 Further increasing the perpendicular particle diffusivity by 5 times #1B.8 &/ Hivhile
keeping the dter input parameters unchangad.even highergis required for the 3/tnode to grow

This is consistent with the results #8] that a larger value of Bis stabilizing for island growth.



Figure 12 Time evolution ofMy/a (red curve) and Wh/a (black) for D 73.76&/ i/ £-0.008, . 4x10'
and £=0.3 atrgp.

To conclude, the results this subsectionindicatethat a largeperpendicular particle diffusivity

results inahigher £value required for destabilizing the 3/2 mode

3.2.5 Effect of electron pressure profile

In addition tothe electron density profile and the value.qfit is seen from Ohm’s law that the term
TdJne in front of the parallel electron density gradient aebe local electron diamagnetic frequency
A constant electron temperature in sphes been used in ather parts of tis paper In this sub-
section however,a radial profile ofthe equilibrium electron temperaturé~[1-(r/a)’]? is used
resuling in a smaller value ofZ. 3, for samethe : value comparedo the cases considered before.
For : 9.4x10%, onefinds Ze2:=5.3%10" W/ Ze3=3.3x10°/ Wand ’'Ze=-2x10"/ ¥/ The value of
| ' Ze| is closeto the case: 4x10% in previous sectiondut Z. 3 is smaller With f,=0.054 atrg=1and
f,=0.058 at r3,,, the time evolution oW, /Ja andWs/ais shownin Fig. 13 for £=0.005. It is seen that
the growth of the 2/2and 3/2 modds similar to that with - 10* and 2x10* shown in figure 5,
indicating that the3/2 modeis more easily destabilized Ibgkinginto account theadial profile of the
electron temperaturéthe value of Z. 3, (=3.3x 10°/ Wy for figure 13 is smaller than that for figure 6
with - 4x10% ( Z.3,=4.8x10°/ Y. This indicates again that a large local diamagnetic drift frequency

at rz;p counteacts3/2 mode destabilization likie2/2 mode



Figure 13 Time evolution of Wy/a (dashed curves) and jWa (solid) with £=0.005/: 9.4x10% K/for
Te~[1-(r/a)] >

To conclude, the results of this sséetionindicate that a large local diamagnetidtdrequency at
rspis moreimportantthanthe relaive mode frequency in preventing the 8t®dde destabilization by

the 2/2 mode.

Figure 14 Stability diagram in the £.3.- £) plane for the destabilization of the 3/2 mode by the 2/2
mode.The bhck circles (blue squares) correspond to the cases (withou) 3/2 NTMs The red circles
correspond tocasesin whichthe 3/2 mode is destabilizdigst into the oscillation regime with shear Alfven
resonanceand later into the NTM regime. The require& value for destabiling the 3/2 modeignificantly

increases for a sufficiently largdectron diamagnetic drift frequency agr

The results of Section 3.2 are summarized in tBgsf; - £) planeshownin figure 14, including
only the results of &tion 3.2.1 and 3.2.2 for simplicity. The black circles (blue squares) correspond to
the cases with(without) 3/2 NTMs. The red circles correspond t@ases that the 3/fhode is
destabilized first into the oscillation reginwdith shear Alfven resonance ataker into the NTM
regime. The requireds value for destabilizing the 3f@ode significantly increases for a sufficiently

large electron diamagnetic drift frequency st r

4. Triggering of m/n=3/2 mode by sawtooth crash



In this section the m/n=1/hode and its harmonics, 2/3(3, ..., are includedn the calculations,
in addition tothe perturbations with m/n=3/Belicity. This will lead to the growth of the internal kink
mode and finally to aawtooth crash [47,48]. To isolate effects in our sttatpidal modecouplingis
only includedamong n=2components

An example of aawtooth collapse is shown in Fig for - 2x10%, & 0.005,andf,=0.13 atrg=1
andf,=0.4 atrz,. The sawtooth happer$t=2x10 K/ as seen fronthe sudden decrease (inc®asf
the rormalizedm/n=0/0componenbf the electron density inside (outside) the original guffaceat
rq=1=0.3a inFig. 15 (left). The gprofile flattensto about unityin the central region after the collagse
shown in Fig. 19middle). There is déarge amplitude?/2 perturbation around the sawtoattash time
att=2x10 WK{correlaing with the 1/1perturbation amplitudebut it decays shortlgfterwards as seen
from Fig. 15 (right). Thus, the major difference frothe cases discussed in Secs i particular that
the 2/2 mode responsible for the triggering of 82 mode has a significant largenplitude only for a
shorttime period. Nevertheless, surviving 2f2ostcursor can have a sufficient amplitude to trigger

3/2 mode

Figure 15 (left) Time evolution of the armalizedm/n=0/0 component electron density at r=0.15, 0.25 and
0.35a. The sawtooth crash happens atx:@ W/ (middle) Corresponding-frofiles att=0, 2.0x10° and
3.3x10° W/(right) Correspondingadial profilesof the normalized I, at t=2.0x10° and 3.3x10° K/The solid

(dashed) curves are the real (imaginary) parts.




































